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CacyBP/SIP, originally identified as a S100A6 (calcyclin) target, was later shown to interact with some other members of the S100 family as
well as with Siah-1 and Skp1 proteins. Recently, it has been shown that CacyBP/SIP is up-regulated during differentiation of cardiomyocytes. In
this work we show that the level of CacyBP/SIP is higher in differentiated neuroblastoma NB2a cells than in undifferentiated ones and that in cells
overexpressing CacyBP/SIP the level of GAP-43, a marker of differentiation, was increased. Since the process of differentiation is accompanied
by an extensive rearrangement of microtubules, we examined whether CacyBP/SIP interacted with tubulin. By applying cross-linking experiments
we found that these two proteins bind directly. The dissociation constant of the tubulin–CacyBP/SIP complex determined by the surface plasmon
resonance technique is 1.57×10−7 M which suggests that the interaction is tight. The interaction and co-localization of CacyBP/SIP and tubulin
was also demonstrated by co-immunoprecipitation, affinity chromatography and immunofluorescence methods. Light scattering measurements
and electron microscopy studies revealed that CacyBP/SIP, but not its homologue, Sgt1, increased tubulin oligomerization. Altogether, our results
suggest that CacyBP/SIP, via its interaction with tubulin, might contribute to the differentiation of neuroblastoma NB2a cells.
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CacyBP/SIP was discovered as a ligand of S100A6 (calcy-
clin) in the cytosolic fraction of Ehrlich ascities tumor cells [1].
Later, the sequence encoding this protein was cloned and spe-
cific antibodies were produced [2,3]. Using these antibodies itAbbreviations: BSA, bovine serum albumin; CacyBP/SIP, calcyclin
(S100A6) binding protein and Siah-1 interacting protein; CLIP, cytoplasmic
linker protein; DTT, dithiothreitol; EB1, end-binding protein; EDC, 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide; GAPDH, glyceraldehydes 3-phosphate
dehydrogenase; GAP-43, growth-associated protein 43; IPTG, isopropyl-1-thio-
β-D-galactopyranoside; MAPs, microtubule-associated proteins; MCAK, mito-
tic centromere-associated kinesin; MEM, minimal essential medium; NB2a,
mouse neuroblastoma cell line; PBS, phosphate-buffered saline; PAGE,
polyacrylamide gel electrophoresis; PMSF, phenylmethylsulfonyl fluoride;
SDS, sodium dodecyl sulfate; SNHS, N-hydroxysulfosuccinimide; SPR, surface
plasmon resonance; TPPP/p25, tubulin polymerization promoting protein
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doi:10.1016/j.bbamcr.2007.07.013was found that CacyBP/SIP is expressed in various rodent tis-
sues and cells; a particularly high level of this protein was found
in brain and spleen [3]. Up to now a lot of work was performed to
elucidate the properties of CacyBP/SIP such as the nature of its
interaction with target proteins [4–8] or its cellular and sub-
cellular localization [9,10]. Regarding CacyBP/SIP targets, it
has been shown that this protein interacts, through its C-terminal
end, with several calcium binding proteins of the S100 family
[11] but, so far, there are no data describing the physiological
importance of these interactions. Parallel studies revealed that
CacyBP/SIP also binds Siah-1 and Skp1, components of ubi-
quitin ligase [5], and that through this binding CacyBP/SIP is
involved in the ubiquitination and degradation of β-catenin.
Recently, Au and coworkers [12] showed that CacyBP/SIP
promotes differentiation of rat neonatal cardiomyocytes. Dif-
ferentiation is accompanied by extensive reorganization of the
cytoskeletal structures: microtubules, actin filaments and inter-
mediate filaments.Microtubules, linear polymers ofα-/β-tubulin
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leton in neurons, cells in which CacyBP/SIP is highly expressed
[9]. Stability of microtubules is regulated by interaction with
many proteins referred to as microtubule-associated proteins
(MAPs). Some MAPs such as Tau, MAP2, MAP1A, MAP1B,
doublecortin, EB1 or CLIP-170 belong tomicrotubule stabilizers
[13] that bridge tubulin subunits in the polymer or cap micro-
tubule ends. Other proteins of the MAPs family, such as Op18/
stathmin, katanin or MCAK, are known to destabilize micro-
tubules [13,14]. Most MAPs bind to microtubules directly and
some of them interact preferentially with tubulin heterodimers.
The finding that CacyBP/SIP is abundant in neurons and
in neuroblastoma NB2a cells [3,9] and the fact that CacyBP/
SIP was shown to be up-regulated during differentiation of rat
cardiomyocytes [12] prompted us to check whether this protein
might be involved in differentiation of NB2a cells. Since differ-
entiation of neuronal cells is accompanied by extensive reor-
ganization of microtubules [15], we examined whether CacyBP/
SIP interacts with tubulin, a major microtubule component, and
whether it affects tubulin polymerization/oligomerization.
2. Materials and methods
2.1. Culture and differentiation of neuroblastoma NB2a cells
Mouse neuroblastoma NB2a cells were grown in MEM containing 10% fetal
bovine serum, 25 mM sodium bicarbonate, penicillin (100 μg/ml), streptomycin
(100 μg/ml), gentamycin (50 μg/ml) and fungizon (0.25 μg/ml). Cultures were
maintained in the presence of 5% CO2 at 37 °C. The media were changed every
2–3 days and cells were passaged when confluent. To induce the differentiation
process NB2a cells were grown for 24 h in MEM containing 5% fetal bovine
serum either supplemented with bovine serum albumin (BSA) and palmitoyl-
carnitine at a final concentration of 50 μM and 100 μM, respectively (differen-
tiated cells), or with BSA alone (undifferentiated cells used as a control). A stock
solution of 1 mM palmitoylcarnitine in 0.5 mM BSA in PBS was prepared
according to Nalecz and coworkers [16].
2.2. Plasmid construction and protein purification
p3xFLAG-CMV-10-CacyBP/SIP and pcDNA3.1-CacyBP/SIP plasmids for
eukaryotic cell transfection were prepared as follows. The CacyBP/SIP coding
sequence was amplified by PCR using plasmid pET28a-CacyBP/SIP (prepared
as described in [11]) as a template with primers: forward 5′-GCGAAGCTTAT-
GGCTTCCGTTTTGGAAGAG-3′ and reverse 5′-CGCGGATCCTCAAAATT-
CCGTGTCTTCTCTG-3′. This reaction product was digested with HindIII
and BamHI restriction enzymes and introduced into the p3xFLAG-CMV-10
(Sigma) or pcDNA3.1 (Invitrogen) plasmids previously digested with the same
enzymes. The correct sequence of the cloned inserts was confirmed by DNA
sequencing.
For expression of recombinant CacyBP/SIP or its fragments the following
plasmids were used: pET28a-CacyBP/SIP, pET28a-CacyBP/SIP (1–179) and
pET28a-CacyBP/SIP (178–229). pET28a-CacyBP/SIP (178–229) was obtained
from pET28a-CacyBP/SIP using primers: forward 5′-GAGAGCATATGCTCG-
AGGAAAAGCCTTCCTAC-3′ and reverse 5′-GAGACGGATCCTCAAAAT-
TCCGTGTCTTC-3′. The reaction product was digested with NdeI and BamHI
restriction enzymes and introduced into the pET28a previously digested with the
same enzymes. The correct sequence of the cloned insert was confirmed by DNA
sequencing. pET28a-CacyBP/SIP (1–179) was prepared as follows. The insert
from the pET30a plasmid (prepared as described in [4]) was cut using the
restriction enzymes EcoRI and SalI and introduced into the pET28a previously
digested with the same enzymes.
To purify proteins, bacteria were cultured until OD600 reached∼0.8 and then
IPTG was added to a final concentration of 0.4 mM. After 4 h bacteria wereharvested and lysed using French press in buffer containing 50 mM NaH2PO4
pH 8.0, 300 mM NaCl, 10 mM imidazole and protease inhibitors (protease
inhibitor cocktail, Sigma). All other steps were performed as described in [11].
For further studies, the CacyBP/SIP protein or its fragments were dialyzed
against an appropriate buffer, centrifuged for 75 min at 100,000×g at 4 °C and
only the protein from the supernatant fraction was used for experiments.
Tubulin was purified from the cytosolic fraction of fresh porcine brain tissue
according to the method of Mandelkow and coworkers [17] with some modi-
fications described in details by Nieznanski and coworkers [18]. Purified protein
was stored at −70 °C and before experiments tubulin was thawed and centri-
fuged for 20 min at 22,000×g at 4 °C. The pellet was discarded and tubulin from
the supernatant fraction used in further studies.
2.3. Cross-linking experiments
CacyBP/SIPwasmixedwith unpolymerized tubulin at final concentrations of
21.5 μM and 40 μM, respectively, in 40 μl of the buffer containing 10 mM Tris
pH 7.0, 16 mM MgCl2, 1 mM GTP and 10% glycerol. EDC and SNHS were
added to 5mMand 2.5mMfinal concentration, respectively. After 1-h incubation
at 25 °C, the reactionwas quenched by addition of DTT to a final concentration of
11mM.One fifth of the reactionmixture was analyzed by SDS-PAGEwith a 10%
separating gel according to Laemmli [19]. The cross-linking product was excised
from the gel stained with Coomassie brilliant blue and subjected to mass spec-
trometry analysis (Institute of Biochemistry and Biophysics, Warsaw, Poland).
2.4. Surface plasmon resonance (SPR) measurements
The binding kinetics of CacyBP/SIP to tubulin were monitored in real-time
with a BIAcore 3000 instrument. Tubulin or BSA (as a control) was covalently
linked to a Sensor ChipCM5 (carboxymethylated dextran surface)with the use of
amine coupling chemistry according to the manufacturer's instructions. Tubulin
or BSA solution in 10mM sodium acetate, pH 4.5, was appliedwith a flow rate of
40 μl/min at 20 °C. The remaining free reactive groups on the chip were then
inactivated by 1 M ethanolamine–HCl, pH 8.0, and tubulin or BSA not cova-
lently bound was washed off with buffer A containing 10 mM phosphate buffer
pH 7.0 and 100mMNaCl. All experiments were performed at 37 °C. The volume
of 230 μl of buffer A containing the CacyBP/SIP protein was simultaneously
injected with a flow rate of 40 μl/min over a control surface with immobilized
BSA and a surface with immobilized tubulin. After injection, buffer A with
CacyBP/SIP was replaced by buffer A alone at a continuous flow rate of 40 μl/
min. Surface regeneration was accomplished by injecting 5 μl of 0.1 M glycine
pH 2.0. Each sensogram (time course of the SPR signal) was corrected for the
response observed in the control flow cell unit. For each experiment different
concentrations of CacyBP/SIP in buffer A were used. In the first experiment
concentrations of CacyBP/SIP were: 7.13, 3.56, 1.43, 0.71, 0.36 μM and in the
second one were: 9.71, 3.89, 0.78, 0.38, 0.19, 0.13 μM. Kinetic data obtained in
two independent experiments were interpreted according to a 1:1 binding model
using the BIAevaluation 4.1 SPR kinetic software. kon was calculated from the
association curves obtained for different CacyBP/SIP concentrations. Dissoci-
ation curves used to calculate koff were obtained in the same experiments when
the protein solution was replaced with the running buffer.
2.5. Cell transfection and co-immunoprecipitation assay
10-cm dishes of NB2a cells (70–80% confluent) were transfected with 8 μg
of the expression plasmids: p3xFLAG-CMV-10-CacyBP/SIP or p3xFLAG-
CMV-10-BAP using lipofectamine 2000 (Invitrogen) according to the manu-
facturer's protocol. After 24 h cells were washed twice with phosphate-buffered
saline (PBS). Then cells were harvested and homogenized mechanically 30
times in immunoprecipitation buffer (IP) containing 10 mM Tris pH 7.5, 50 mM
KCl, 3 mM MgCl2, 0.1% Triton X-100 and protease inhibitors (protease inhi-
bitor cocktail, Complete Mini EDTA-free, Roche) using a syringe with a needle
(25 gauge; 0.5×15). The extracts were centrifuged for 10 min at 12,000 rpm at
4 °C in an Eppendorf centrifuge. Protein concentration was estimated by the
Bradford procedure (BioRad) with BSA as a standard.
A 40 μl aliquot of 50% slurry of the anti-FLAG agarose beads (Sigma)
equilibrated with IP buffer was used in each co-immunoprecipitation. 500 μg of
1630 G. Schneider et al. / Biochimica et Biophysica Acta 1773 (2007) 1628–1636total cell lysate was incubated for 2 h at 4 °C with anti-FLAG agarose beads.
After extensive washing in IP buffer the bound proteins were eluted with 0.1 M
glycine pH 3.5 and analyzed by SDS-PAGE and Western blotting.
2.6. Analysis of the level of GAP-43
The level of GAP-43 in NB2a cells was analyzed by Western blot using
antibodies against GAP-43. Undifferentiated NB2a cells were transfected with
control p3xFLAG-CMV-10 plasmid, p3xFLAG-CMV-10-CacyBP/SIP plas-
mid encoding CacyBP/SIP with a FLAG tag, control pcDNA3.1 plasmid or
pcDNA3.1-CacyBP/SIP plasmid encoding CacyBP/SIP without any tag. After
48 h cells were harvested and extracts were prepared by incubation of the
cells on ice for 20 min in a buffer containing 300 mM NaCl, 2 mM EDTA,
2 mM EGTA, 1% NP-40, 2% Triton X-100 and 20 mM Tris–HCl, pH 7.4.
Then the extracts were centrifuged for 20 min at 20,000×g and 40 μg of
protein from the supernatant fraction was loaded on the gel.
2.7. Affinity chromatography
Affinity resin was made by coupling CacyBP/SIP to CNBr-Sepharose
(Fluka) following the procedure outlined by the manufacturer. The extract fromFig. 1. (A) Cross-linking of CacyBP/SIP with tubulin analyzed by SDS-PAGE. One
stained with Coomassie brilliant blue. Lanes 1 and 3 show mixture of CacyBP/SIP
linking product between tubulin and CacyBP/SIP. Lanes 2 and 4 show cross-linking
CacyBP/SIP. Lane M shows molecular mass standards. (B). Analysis of the 80-kD
matching those of α- and β-tubulin, and of CacyBP/SIP are indicated in bold.NB2a cells was prepared in the same way as for the co-immunoprecipitation
assay. Supernatant after 10-min centrifugation at 12,000 rpm at 4 °C was
applied to Sepharose coupled with BSA to eliminate the non-specific binding.
The unbound fraction eluted in IP buffer was then applied to Sepharose-
CacyBP/SIP resin. The resin with bound proteins was washed with IP buffer
and then with IP buffer containing 150 mM KCl. After an extensive washing
bound proteins were eluted with IP buffer containing 500 mM KCl, con-
centrated on Centricon-30 (Amicon) and analyzed by SDS-PAGE and Western
blotting using anti-α-tubulin antibody. Then the same blot was analyzed using
anti-GAPDH antibody.
2.8. Light scattering measurements of tubulin preparations
Turbidity measurements of tubulin preparations in the absence or presence
of CacyBP/SIP (or its fragments or control proteins) were performed as follows:
samples of the examined proteins in a buffer containing 10 mM Tris pH 7.0,
16 mM MgCl2, 1 mM GTP, 10% glycerol and 20 μM taxol were kept at 37 °C.
Then, unpolymerized tubulin (taken from ice) was added to a final concentration
of 40 μM. The final volume of the reaction mixture was 100 μl. The reaction was
carried out at 37 °C and measurements were started 10 s after addition of tubulin
to buffer alone or to buffer containing CacyBP/SIP or its fragments or a controlfifth of the reaction mixture was applied on each lane of the SDS gel which was
and tubulin without or with EDC-SNHS, respectively; “P” indicates the cross-
of the CacyBP/SIP or tubulin alone, respectively; asterisk indicates the dimer of
a cross-linked product by means of mass spectrometry. Identified sequences
Fig. 2. (A) Co-immunoprecipitation of CacyBP/SIP with tubulin. Lanes 1 and 3
show the input (40 μg of total protein extract from cells transfected with plasmid
encoding BAP-FLAG or CacyBP/SIP-FLAG). Lanes 2 and 4 show 50% of the
fraction eluted from the anti-FLAG agarose beads. The upper panel shows
Western blot (WB) developed with anti-α-tubulin antibodies and the lower panel
shows the WB developed with anti-FLAG antibodies. (B) Binding of tubulin to
CacyBP/SIP affinity resin. Lane 1 shows 10 μg of protein from the fraction
loaded on CacyBP/SIP affinity resin, lane 2 shows the last wash and lane 3
shows the fraction eluted from the CacyBP/SIP-Sepharose resin with buffer
containing 500 mM KCl. Upper panel shows Western blot developed with anti-
α-tubulin antibody and lower panel shows the same blot developed with anti-
GAPDH antibody.
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change in baseline-corrected turbidity over time.
2.9. Sedimentation experiments
Co-sedimentation of CacyBP/SIP with microtubules and the effect of this
protein on microtubule formation or stability were assessed in three types of
sedimentation experiments where CacyBP/SIP was added either to (i) preformed
microtubules stabilized by taxol, (ii) partially polymerized tubulin without taxol
or (iii) unpolymerized tubulin without taxol. Tubulin, at a concentration of
40 μM, was incubated for 40 min at 37 °C in the buffer containing 10 mM Tris
pH 7.0, 16 mMMgCl2, 1 mMGTP, 10% glycerol and 20 μM taxol (i) or without
taxol (ii). Subsequently CacyBP/SIP was added at the molar ratios indicated in
the legends to Fig. 5A and B, and after 10-min incubation the protein mixture
was subjected to centrifugation for 30 min at 100,000×g at 30 °C. In (iii)
CacyBP/SIP was mixed with unpolymerized tubulin at a final concentration of
8.6 and 26 μM, respectively, in the buffer containing 10 mMTris pH 7.0, 16 mM
MgCl2, 1 mM GTP and 10% glycerol. Then the protein mixture was incubated
40 min at 37 °C and the sample was centrifuged as described above. The
obtained pellets were resuspended in a volume of PBS equal to the volume of the
supernatant and analyzed on SDS-PAGE. In all cases, prior to the experiment,
CacyBP/SIP preparations were cleared by 75-min centrifugation at 100,000×g at
4 °C.
2.10. Transmission electron microscopy
Tubulin, at 40 μM final concentration, was incubated in the buffer con-
taining 10 mM Tris pH 7.0, 16 mM MgCl2, 1 mM GTP, 10% glycerol and
20 μM taxol in the absence or presence of CacyBP/SIP at a final concentration of
12.3 μM. The incubation was carried out for 30 min at 37 °C. The samples were
subsequently diluted 10-fold in pre-warmed buffer just before applying to
electron microscopy grids. Copper grids (400 mesh) covered with collodion (SPI
Supplies) and carbon were used. Ten microliters of diluted samples was applied
to a grid for 40 s. Negative staining was performed with 2% (w/v) aqueous
solution of uranyl acetate (SPI Supplies) for 25 s. The grids were examined in a
JEOL-1200EX electron microscope at an accelerating voltage of 80 kV with a
50-μm objective aperture.
2.11. Immunofluorescence microscopy
NB2a cells grown on coverslips pretreated with 50 μg/ml poly-L-lysine
(Sigma) were fixed with 3% paraformaldehyde in PIPES buffer (120 mM
PIPES, 50 mM HEPES, 20 mM EGTA, 2 mM MgCl2) for 20 min at room
temperature. The coverslips were then washed with PBS, incubated with 50 mM
NH4Cl in PIPES buffer for 10 min at room temperature, washed with PBS and
permeabilized for 4 min with 0.1% Triton X-100 in PIPES buffer. After washing
with PBS cells were incubated for 1 h with 3% BSA in PBS and subsequently
incubated for 1 h with anti-CacyBP/SIP serum (1:500). Cells were then washed
three times for 10 min in PBS and incubated for 1 h with Alexa Fluor 488 goat
anti-rabbit IgG (H+L) antibodies (1:200) (Molecular Probes). After that cells
were washed three times with PBS and incubated overnight with 1% BSA in
PBS and next incubated for 1 h with mouse anti-α-tubulin antibody (1:500)
(Sigma). Cells were washed three times for 10 min in PBS, incubated with Alexa
Fluor 568 goat anti-mouse IgG (H+L) antibodies (1:200) (Molecular Probes)
and mounted on glass slides with Vectashield mounting medium (Vector Labo-
ratories). Cells were analyzed in Leica TCS SP2 Spectral Confocal Microscope
(Leica).
2.12. SDS-PAGE and Western blotting
Gel electrophoresis with 10% (w/v) polyacrylamide containing 0.1% SDS
was performed by the method of Laemmli [19]. Gels were either stained with
Coomassie brilliant blue R250 or separated proteins were transferred electro-
phoretically onto nitrocellulose and identified using appropriate primary anti-
bodies: rabbit anti-CacyBP/SIP polyclonal antibody (1:100), mouse anti-α-
tubulin antibody (1:1000) (Sigma), mouse anti-FLAG M2 antibody (1:3000)
(Sigma), mouse anti-GAPDH antibody (1:10,000) (Chemicon International)and rabbit anti-GAP-43 antibody (1:1000) (Chemicon International). After
washing with TBS-T buffer (50 mM Tris pH 7.5, 200 mM NaCl, 0.05%
Tween 20) the blots were allowed to react with secondary antibodies con-
jugated to horseradish peroxidase such as goat anti-mouse IgG (1:10,000)
(Jackson Immunoresearch Laboratories) or goat anti-rabbit IgG (1:5000) (MP
Biomedicals). After three washes with TBS-T buffer and two washes with
TBS buffer (50 mM Tris pH 7.5, 200 mM NaCl) blots were developed with
ECL chemiluminescence kit (Amersham Biosciences) followed by exposition
against an X-ray film. The intensities of the protein bands were quantified
using the Ingenius densitometer and the Gene Tools Software (Syngene) with
GAPDH as a reference protein.3. Results
3.1. CacyBP/SIP directly interacts with tubulin
To check whether CacyBP/SIP interacts directly with tubulin
we performed chemical cross-linking of purified proteins using
EDC, an agent known to form covalent links with no spacer arm
between the amino acid residues located in the protein–protein
contact area. As it can be seen in Fig. 1A, in the presence of the
cross-linking agent CacyBP/SIP and tubulin formed a covalent
product migrating as a ∼80-kDa band (indicated by “P”) during
SDS-PAGE. The mobility of this band corresponds to the sum
of molecular masses of CacyBP/SIP (30 kDa) and tubulin
monomer (50 kDa). No such band was observed in the samples
of CacyBP/SIP or tubulin alone incubated with the cross-linking
agent. Since tubulin exists as a heterodimer composed of α- and
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with both subunits of the tubulin dimer. For that we subjected
the 80-kDa cross-linking product to mass spectrometry analysis
which showed that besides CacyBP/SIP both α- and β-tubulins
were present in this product (Fig. 1B). The yield of cross-linked
α-/β-tubulin heterodimer seen on the gel (at the level of
∼110 kDa) is relatively low but this is characteristic for cross-
linking of tubulin by EDC and may be explained assuming that
only α-/β-tubulin heterodimer of a particular conformation is
susceptible to cross-linking. The band seen in the sample of
CacyBP/SIP alone incubated with the cross-linking agent at theFig. 3. (A) Co-immunostaining of CacyBP/SIP and tubulin in NB2a cells. NB2a cells
anti-α-tubulin antibody (middle panel, in red). Right panel (merged) shows the co-im
(upper panel) and in cellular processes of differentiated cells (lower panel). Insert show
section of the cell obtained with the use of confocal microscopy. (B) Western blot (WB
NB2a cells (lane 2). (C) Western blot (WB) showing the level of GAP-43 in NB
transfected with control plasmid encoding FLAG; lane 2—undifferentiated cells tr
showing the level of GAP-43 in NB2a cells overexpressing CacyBP/SIP. Lane 1—
undifferentiated cells transfected with pcDNA3.1-CacyBP/SIP plasmid encoding Ca
loaded on each lane was 40 μg.level of ∼60 kDa (indicated by asterisk in Fig. 1A, lane 2)
corresponds to the dimer of this protein described previously by
Santelli and coworkers [7].
The direct interaction between purified CacyBP/SIP and
tubulin heterodimer was confirmed using the surface plasmon
resonance technique. Calculations based on data obtained in
two independent experiments yielded dissociation constant
(Kd) values of: 2.0×10
−7 M (kon=1.83×10
3 M−1 s−1, koff=
3.74×10−4 s−1) and 1.14×10−7 M (kon=4.04×10
3 M−1 s−1,
koff=4.61×10
−4 s−1), respectively, resulting in the mean Kd
value of ∼1.57×10−7 M.were stained with anti-CacyBP/SIP antibodies (left panel, in green) followed by
munostaining of both proteins under plasma membrane of undifferentiated cells
s 2.8 times magnified fragment of the picture. Each image represents one optical
) showing the level of CacyBP/SIP in undifferentiated (lane 1) and differentiated
2a cells overexpressing CacyBP/SIP-FLAG. Lane 1—undifferentiated cells,
ansfected with plasmid encoding CacyBP/SIP-FLAG. (D) Western blot (WB)
undifferentiated cells transfected with control pcDNA3.1 plasmid, lane 2—
cyBP/SIP without any tag. In panels B, C and D, the amount of protein extract
Fig. 4. (A) Effect of CacyBP/SIP on the turbidity of tubulin samples. Tubulin
was added to buffer alone or to buffer containing intact CacyBP/SIP at molar
ratios indicated. (B) Effect of CacyBP/SIP fragments on the turbidity of tubulin
samples. Tubulin was added to buffer alone or to buffer containing CacyBP/SIP
or its fragments at a molar ratio 3:1. (C) Effect of Sgt1 and BSA on the turbidity
of tubulin samples. Tubulin was added to buffer alone or to buffer containing the
examined proteins at a molar ratio 3:1.
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To establish whether the interaction between CacyBP/SIP
and tubulin occurs in NB2a cell extract we performed immu-
noprecipitation of CacyBP/SIP from cells transfected with
plasmid encoding CacyBP/SIP with a FLAG tag or with plasmid
encoding a control protein, BAP-FLAG. Protein extracts were
applied on agarose beads containing anti-FLAG antibodies. As
shown in Fig. 2A (upper panel, lane 4) tubulin was co-immu-
noprecipitated with CacyBP/SIP from cells transfected with
plasmid encoding CacyBP/SIP-FLAG as detected by the anti-α-
tubulin antibody. As expected, there was no tubulin in the eluate
in the case when cells were transfected with plasmid encoding a
control BAP-FLAG protein (Fig. 2A, upper panel, lane 2). Lanes
1 and 3 of the upper panel in Fig. 2A show that the same amount
of protein extract was applied on the anti-FLAG agarose beads
since the signal from the anti-α-tubulin antibody was similar.
Lanes 2 and 4 of the lower panel of Fig. 2A show that, indeed,
CacyBP/SIP-FLAG and BAP-FLAG were immunoprecipitated
with anti-FLAG agarose beads.
To confirm the interaction of tubulin with CacyBP/SIP in
NB2a cells we performed affinity chromatography assay with
CacyBP/SIP coupled to CNBr-Sepharose. Supernatant from the
extract of NB2a cells was first applied to Sepharose resin
coupled with BSA and the unbound fraction was then applied to
CacyBP/SIP-Sepharose resin (Fig. 2B, lane 1). The resin was
then extensively washed and the bound proteins were eluted
with the same buffer supplemented with 500 mM KCl. As it can
be seen in Fig. 2B (lane 3) the bound fraction contains tubulin
since the band was recognized by anti-α-tubulin antibodies. No
GAPDH was detected in this fraction (Fig. 2B, lane3) which
suggests that the interaction between CacyBP/SIP and tubulin is
specific.
3.3. CacyBP/SIP co-localizes with tubulin in NB2a cells
To check whether CacyBP/SIP and tubulin co-localize in
vivo we performed confocal immunofluorescence microscopy
on NB2a cells. Since CacyBP/SIP might promote cell differen-
tiation we carried out the immunocytochemical studies on both
undifferentiated and differentiated cells. To induce differenti-
ation of NB2a cells the culture was treated with palmitoyl-
carnitine. As it can be seen in Fig. 3A, CacyBP/SIP and
tubulin co-localized in both undifferentiated and differentiated
cells. In undifferentiated cells co-localization of both proteins
was seen in the cytoplasm and under the plasma membrane
(Fig. 3A, upper panel), while in those undergoing differenti-
ation the co-localization of CacyBP/SIP and tubulin was pre-
dominantly seen within the cellular processes except for the
most distal part (Fig. 3A, lower panel). Furthermore, den-
sitometric analysis of bands from Western blot showed that
the level of CacyBP/SIP in NB2a cells after 24 h of differ-
entiation is approximately 1.4 times higher than in undiffer-
entiated cells (Fig. 3B). This is in agreement with the results
of a previous work performed on differentiated rat cardio-
myocytes [12] where up-regulation of CacyBP/SIP mRNA
was observed.To test the effect of CacyBP/SIP on NB2a cells differenti-
ation we checked the level of a differentiation marker, GAP-43,
in extracts prepared from undifferentiated cells which were
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those from undifferentiated cells which overexpressed CacyBP/
SIP with a FLAG tag. Results presented in Fig. 3C demonstrate
that the level of GAP-43 is higher in cells which overexpressed
the CacyBP/SIP protein. The same results were obtained when
cells were transfected with plasmid encoding CacyBP/SIP
without any tag (Fig. 3D).
3.4. CacyBP/SIP affects the turbidity of tubulin preparations
To test whether CacyBP/SIP affects the ability of tubulin to
assemble into microtubules or oligomers we performed light
scattering measurements at 350 nm. The proteins were in-
cubated in a buffer containing GTP and MgCl2 that are known
to be required for microtubule formation and the turbidity
measurements were carried out at 37 °C which is the optimal
temperature for microtubule assembly. CacyBP/SIP, in a dose-
dependent manner, caused a rapid rise in the turbidity of tubulin
samples (Fig. 4A). As it can be seen in Fig. 4B, the rise in
the turbidity of tubulin sample was observed in the case of the
N-terminal fragment spanning residues 1–179, but not in the
case of the C-terminal one containing residues 178–229.
Interestingly, the effect of the N-terminal fragment was more
pronounced than that of a full-length protein. The Sgt1 protein,
a homologue of CacyBP/SIP [20], and BSA, at a molar ratio to
tubulin of 1:3, did not induce any increase in the turbidity of
tubulin preparations (Fig. 4C).Fig. 6. Micrographs showing the influence of CacyBP/SIP on tubulin assembly.
Panels A and B show tubulin alone and panels C and D, tubulin with CacyBP/
SIP. Note multiple small oligomers in the sample of tubulin alone (A and B) and
large globular assemblies in the sample of tubulin incubated with CacyBP/SIP
(C and D).
Fig. 5. (A) Co-sedimentation of CacyBP/SIP with microtubules analyzed by
SDS-PAGE (stained with Coomassie brilliant blue). Microtubules stabilized by
taxol were centrifuged in the absence (lanes 1 and 2) or in the presence of
CacyBP/SIP (lanes 3 and 4) at a molar ratio 2:1. CacyBP/SIP centrifuged alone
is shown in lanes 5 and 6. (B) Sedimentation of partially polymerized tubulin in
the presence of CacyBP/SIP analyzed by SDS-PAGE. Lanes 1 and 2 show
tubulin alone. Lanes 3, 4 and 5, 6 show tubulin incubated with CacyBP/SIP at
molar ratios 4:1 and 3:1, respectively.3.5. Sedimentation studies of CacyBP/SIP with tubulin
To establish whether CacyBP/SIP interacts with polymerized
tubulin we performed co-sedimentation experiments with pre-
formed microtubules stabilized by taxol. As it is shown in
Fig. 5A (lanes 1 and 2), almost all tubulin underwent pelleting
that confirms formation of microtubules. When these micro-
tubules were incubated and centrifuged in the presence of
CacyBP/SIP, most of the CacyBP/SIP remained in the super-
natant as could be seen in Fig. 5A, lane 3. Only about 13% of
total CacyBP/SIP used in this reaction was detected in the pellet
(Fig. 5A, lane 4), indicating that CacyBP/SIP binds to
polymerized tubulin at a 1:7.7 molar ratio. CacyBP/SIP centri-
fuged in the absence of tubulin was present only in the super-
natant (Fig. 5A, lanes 5 and 6).
To check whether CacyBP/SIP influences the formation and
stability of microtubules, CacyBP/SIP was added to partially
polymerized tubulin or to unpolymerized tubulin in the buffer
without taxol. In the assay with partially polymerized tubulin
(Fig. 5B), we found that CacyBP/SIP had no effect on the
amount of pelleted tubulin (Fig. 5B, compare lanes 2, 4 and 6)
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lanes 3 and 5). When unpolymerized tubulin was incubated with
CacyBP/SIP we did not observe any effect of this protein on the
efficiency of microtubule formation (data not shown).
3.6. CacyBP/SIP and tubulin form globular assemblies
Results from the sedimentation assays showed that only a
small fraction of CacyBP/SIP binds to microtubules and that it
has no significant effect on microtubule formation. On the other
hand, light scattering measurements showed that CacyBP/SIP
increases the turbidity of tubulin preparations. In the light of
these results we decided to get an insight at the complexes
formed between tubulin and CacyBP/SIP using electron micro-
scopy. For that, samples containing tubulin or tubulin with Cacy
BP/SIP, prepared in the same way as those examined in the light
scattering experiments, were subjected to transmission electron
microscopy. Electron micrographs of tubulin preparation with-
out CacyBP/SIP (Fig. 6A and B) revealed numerous micro-
tubules accompanied by multiple oligomers, of a diameter not
exceeding 25 nm, dispersed in the background. As shown in
Fig. 6C and D, CacyBP/SIP induced formation of large globular
assemblies with a diameter between 75 and 110 nm, depending
on the number of incorporated tubulin oligomers. Such globular
assemblies were not observed in the sample of tubulin alone
(Fig. 6A and B). As it is seen in Fig. 6C and D, almost all
tubulin oligomers were involved in the formation of these
globular assemblies. Noticeably, CacyBP/SIP did not signifi-
cantly affect the number and length of microtubules.
4. Discussion
In the present work, we established for the first time the
CacyBP/SIP protein as a tubulin target. Using purified proteins
and a zero-length cross-linker we showed that this interaction is
direct. Our kinetic surface plasmon resonance measurements
confirmed that the binding between these two proteins is direct
and tight. Results obtained for neuroblastoma NB2a cells using
co-immunoprecipitation, affinity chromatography and immuno-
fluorescence suggest that CacyBP/SIP and tubulin associate in
vivo. Since CacyBP/SIP and tubulin are highly expressed not
only in NB2a cells but also in brain neurons, the interaction
between these two proteinsmight be of a physiological relevance.
To study whether the CacyBP/SIP–tubulin interaction af-
fects tubulin polymerization/oligomerization we applied light
scattering measurements. We showed that CacyBP/SIP but not
its homologue, the Sgt1 protein, induced a rapid rise in the
turbidity of tubulin preparation. This suggests that the effect of
CacyBP/SIP is specific. We found also that the N-terminal
fragment of CacyBP/SIP containing residues 1–179 is most
likely responsible for the rise in the turbidity of tubulin. The
N-terminal fragment of CacyBP/SIP was shown previously to
interact with Siah-1 [5]. Therefore one can hypothesize that
Siah-1 might mediate CacyBP/SIP–tubulin interaction in vivo.
However, the purity of the proteins applied in cross-linking
experiments and the molecular mass (∼80 kDa) of the cross-
linking product formed between CacyBP/SIP and tubulin indi-cate that Siah-1 is not a component of the complex formed in
vitro. The C-terminal fragment of CacyBP/SIP, the one which
binds S100A6, had no influence on the turbidity of tubulin
preparations. Combined with the results of our cross-linking
studies this suggests that S100A6 (or other S100 proteins)
should not have any effect on the direct interaction between
CacyBP/SIP and tubulin. Altogether, our observations imply
that neither S100 proteins nor Siah-1 mediate direct association
of CacyBP/SIP with tubulin.
The results obtained from the co-sedimentation experiments
showed that only a small fraction of CacyBP/SIP interacts with
microtubules. In this, CacyBP/SIP resemblesOp18/stathmin [21]
or CRMP-2 [22], which also preferentially binds to unpolyme-
rized tubulin. Surface plasmon resonance experiments showed
that the binding constant of CacyBP/SIP to tubulin heterodimer is
very similar to that determined by the same technique for another
tubulin interacting protein— TPPP/p25 [23]. Co-sedimentation
experiments indicated that CacyBP/SIP did not affect microtu-
bule stability or assembly. Furthermore, electron microscopic
pictures showed that CacyBP/SIP did not significantly affect the
number and length of microtubules but that it induced formation
of large globular tubulin assemblies, which seem to be respon-
sible for the observed rise in the turbidity. Therefore, we postulate
that in the globular assemblies induced by CacyBP/SIP tubulin
remains polymerization-competent. To our knowledge globular
tubulin assemblies similar to these formed in the presence of
CacyBP/SIP have not been described before and thus it is
difficult to speculate on their physiological role.
It has been reported that under the in vitro conditions mic-
rotubule assembly involves both microtubule nucleation and
elongation and that tubulin oligomers might form microtubule
nuclei competent for elongation [24]. It might be suggested that
under the in vivo conditions oligomers or bigger aggregates,
such as the globular assemblies induced by CacyBP/SIP, might
be involved in nuclei formation. It has also been proposed that
the tubulin fraction involved in neurite outgrowth is transported
in the form of heterodimers or oligomers [25,26]. We can
therefore speculate that under the in vivo conditions the glo-
bular assemblies composed of tubulin and CacyBP/SIP are
involved in tubulin transport to the appropriate region of the cell
where they undergo polymerization into microtubules. Obser-
vations of assembly dynamics of individual microtubules using
the optical tweezers suggest that small tubulin oligomers are
able to bind directly to growing microtubules and that some
proteins might speed up microtubule growth by facilitating the
addition of long oligomers [27]. Whether CacyBP/SIP may
perform such function requires further study.
Our experiments showed that differentiated neuroblastoma
NB2a cells have a higher level of CacyBP/SIP than undiffer-
entiated ones and that in cells overexpressing CacyBP/SIP the
level of GAP-43 was increased. These data are in agreement
with the previous work on cardiomyocytes published by Au and
coworkers [12]. Moreover, immunofluorescence studies per-
formed on differentiated NB2a cells showed that CacyBP/SIP
co-localized with tubulin in cellular processes. This suggests
that globular tubulin–CacyBP/SIP assemblies might be in-
volved in the formation of microtubular cytoskeleton in the
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binds Siah-1 and some S100 proteins and since S100A6 mRNA
appeared after treatment of human neuroblastoma LA-N-5 cells
with differentiating agent [28], one cannot exclude that Siah-1
and S100 proteins might be involved in the activity of the
CacyBP/SIP–tubulin complex during differentiation of NB2a
cells. Furthermore, tubulin also interacts with Siah-1 and S100
proteins [29,30]. Thus, the influence of Siah-1 and S100 pro-
teins on the activity of the CacyBP/SIP–tubulin complex may
be exerted via both, tubulin and CacyBP/SIP. Whether or not
Siah-1 and S100 proteins are involved in formation and/or
activity of globular CacyBP/SIP–tubulin assemblies under the
in vivo conditions is now being studied in our laboratory.
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